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AaSTRACT 

Unpolarl/ed  infrared  studies  of  the  OH-atretchin^^  region 
were  conducted  foi'  kat^garoo  tendon  collagen  fibers  having  water 
contents  from  maximum  to  minimum  wetness.  Specti’al  shapes  wore 
found  to  be  much  different  than  that  from  liquid  HpO.  The 
OH-stretohlng  region  for  all  water  contents  shows  the  maximum 
absorption  as  a relatively  sharp  band  near  363^'^  t cm.’"^ 

A broad  maxlmuni  also  occurs  near  3^90  * 9^  c.m,”^  followed  by  a 
weak  broad  slioulder  near  3IOO  t 100  cm.~^  The  0D-st)’etching  region 
from  dried  collagen  saturated  with  1)^0  is  somewhat  wcal<er  than  the 
OH  region.  Nevertheless,  a fairly  sharp  band  occurs  near  P6(3o  ± ?0 
cm“^  and  a broad  band  near  ?350  t 100  cm.~^  The  OH  and  OD  features 
near  3^30  t ?0  cm~^  and  ?650  ± ?0  cm~^  arc  assigned  to  strongly  bent 
0 — H'‘’0  and  0 — D'’’0  units.  The  rc\oainlng  broad  OH  and  OD 
absorption  maxima  refer  to  strong  more  nearly  linear  hydrogen  bonds. 
For  HpO  all  OH  features  seen  at  maximum  wetness  were  detected  after 
drying  under  vacuum  with  PpOf^  for  I36  hr.  This  and  other  observations 
Indicate  that  water  is  strongly  bonded  to  collagen  in  a way  structur- 
ally unllVe  the  hydrogen  bonding  present  in  pure  bulk  water. 
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A.  WeltS^t  Loss.  The  colingen  fibers  were  Immersed  In  water  for 
1?  hr.  The  surface  water  was  next  rigorously  removed  with  tissue 
and  the  fibers  air  dryed  for  10  min.  Tiie  fibers  were  then  weighed. 
This  weight  corresponded  to  zero  desslcatlng  time.  We  next  dessl- 
cated  the  fibers  for  l6  hr  ovei*  under  vacuum  and  rewelghed 

the  fibers,  and  we  repeated  this  procedure  every  16  hr  until  136 
hr  had  elapsed.  The  desslcatlon  results  are  shown  In  Fig.  1. 

From  Fig.  1 l\  is  evident  that  the  initial  weight  loss  was 
very  fast.  However, \aftor  16  hr,  or  less,  the  rate  of  weight  loss 
was  nearly  c oostant  ar^  equal  to  - 0.358  x 10~^  ti/br,  according  to 
least  square  analysis . "*The  I’apld  fall  within  o to  16  hr  could,  of 
course,  result  from  the  rapid  loss  of  surface  ivater  or  other  loosely 
held  water.  However,  some  evidence  to  the  cotitrary  may  arise  from 
Infrar-d  spectra  shown  next.  All  infrared  spectra  were  obtained  at 
increments  of  l6  hr  desslcatlng  time.  The  first  infrared  spectra 
corresponded  to  zero  time. 
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D.  InTrared  OH  Specti^a.  Infrared  spectra  are  shown  in 
pig.  2 for  samples  of  collagen  corresponding  to  (b)  maximum 
wetness,  zero  desslcatlng  time,  and  (a)  minimum  wetness,  I36 
hr  of  desslcatlng  time.  The  spectra  refer  to  per  cent  transmission 
versus  vibrational  frequency  3n  cm”^  for  the  region  from  ?000  cm~^ 
to  4000  cm.~^  The  spectra  were  obtained  by  placing  all  of  the 
collagen  fibers  In  parallel  contact  with  each  other  on  a metal 
sample  holder.  The  Infrared  Lambert  absorption  coefficient  for 
OH  stretching  Is  extremely  large,  and  usually  necessitates  very 
thin  films,  but  tlie  losses  Incurred  because  of  the  collagen 
absorption  made  the  experiments  simple,  because  only  a relatively 
small  amount  of  Infrared  radiation  suffered  OH  absorption.  Of 
course,  scattering  due  to  the  collagen  Itself,  and  other  effects, 
decreased  the  soectral  quality  somewhat. 

Doth  the  (a)  and  (b)  spectra  of  Fig.  2 show  visually  similar 
shapes.  Only  the  Intensity  of  the  (a)  spectrum  Is  lower  because  of 
the  lower  water  content.  Vlsua3  observation  tnus  Indicates  tiiat 
the  main  effect  of  drying  3s  simply  an  Intensity  decrease  due  to 
loss  of  total  water.  However,  computer  analysis  suggests  that  a 
component  near  3^90  1 50  cm“^  may  be  concentration  dependent,  i.e., 
some  loosely  bound  H^O  was  lost  In  the  early  stages  of  the  dossi- 
catlon.  Both  spectra  of  Pig.  2 indicate  comoonents  near  363O  ± 20, 
3490  ± 50,  ami  3100  ± 100  cm,"^  which  are  the  average  values  ob- 
tained in  all  Infrared  spectra  of  this  work.  Thus,  from  component 
positions  alone,  we  see  no  great  spectral  differences  between  zero 
and  13(3  hr  desslcatlng  time. 


For  comparison  with  Fig.  ? the  quantity  ^*0^’  liquid 

water  obtained  by  Crawford  and  Frech^^^  Is  shov^n  In  Pig.  3(b).  This 
quantity  Is  roughly  equivalent  to  an  absorbance  spectrum  because 
9 does  not  vary  much  over  the  OH  band,  see  the  absorbance  spectrum 
of  Fig.  3(a)  which  was  Independently  obtained  by  Walrafen.^^^ 
Comparison*  between  Figs.  2 and  3 "lay  he  made  despite  the  fact  that 
one  refers  to  a transmission  spectrum  and  the  other  to  an  absorbance 
spectrum.  These  comparisons  clearly  Indicate  that  the  collagen  OH 
spectrum  contain.'  many  more  contributions  from  oscillators  In  the 
3*100-3803  cm"^  region  than  liquid  water.  That  Is,  the  363O  i-  ?0 
cm"^  feature  fre.m  water  In  collagen  is  much  stronger  than  the 
corresp ending  liquid  water  feature,  and  there  has  also  been  a filllng- 
in  between  about  33')^'^  3630  cm.''^ 

Tha  comparisons  between  Figs.  2 and  3 clearly  indicate  that, 
water  In  collagen  must  have  a structure  greatly  different  from 
that  of  liquid  v;ater. 
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^ • Infrared  Studies  with  1J^,0  In  Colla-’jen . 

Samplcn  of  native  collagen,  that  Is,  those  not  previously 
employed  In  tlie  HpO  studies,  were  desslcated  ?-3  days  and  then 
Immersed  In  liquid  D^O  for  ? days  In  a dry  box.  This  procedure 
minimized  H^O-D.^O  exchange,  which  had  caused  trouble  In  early 
work  when  samples  saturated  with  D^O  were  left  In  contact  wltli 
room  air.  The  native  collagen  samples  were  then  rigorously 
dried  inside  the  dry  box  with  tissue,  and  transferred  to  the 
sample  chamber  of  a Perkin-Elmor  180  Infrared  instrument  which 
was  purged  witn  very  dry  nitrogen.  An  Infrared  transmittance 
spectrvim  Is  shown  In  Fig.  . 

The  spectrv.m  of  Fig.  shows  a relatively  sharp  feature 
near  ?6h0  i cO  plus  a broad  band  at  ^ cm.~^ 

When  D^O  Is  uided  to  native  collagen,  it  is  reasonable 
to  cxoect  that  hi)0  will  be  formed  by  reaction  of  t lie  D-0  with 
the  HpO  already  present  In  tl\c  collagen.  Infrared  absorbance 
spectra  of  HDO  In  liquid  H^O  indicate  Oi)  components  near  P6l0, 

4 

?510,  and  2^00  cin,~^  see  Fig.  However,  the  ?6l0  cin"^ 

component  Is  extremely  weak  and  corresponds  to  a shoxilder 
rather  tlian  to  an  absorption  maxlmum--the  absorption  maximum 
occurs  at  about  2^20  cm.~^  Again,  comparlons  between  Figs. 

and  3»  Indicates  the  spectrum  of  HDO  In  collagen  to  be  greatly 
changed  relative  to  HDO  In  liquid  water.  Much  'wro  Intensity 
occurs  at  the  higher  frequencies,  as  In  the  case  for  HpO  In 
collagen,  compareu  to  liquid  lUO. 

t. 

The  I’aLlo  of  Isotope  r.hiris  tint  hivo  »,ibse 
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sharp  hatul  Crom  HpO  lt\  oolla;.fotA  ci'mparrvi  to  t.hr  v-orresponillat^ 
sharp  hand  from  MDO  In  collai^on  Is  j63‘Vr’6‘jO  «■  1.37.  A valu(- 

of  1.37  has  boon  found  cxporliponta  1 ly  to  cluraol  or  1 ;:o  Oil/OD  I 

frequency  ratios.  ^ Th<»  froipionoy  v Uuo  for  the  strongest 
absorption  of  MpO  In  coll.igon  Is  3^*90  t ‘>0  cm,“^  and  the 
Cv^rresnondlnii  value  for  MOO  In  oolla<5on  Is  T'VjO  ' 100  cm.~^ 

Here  the  Ir.c'tcpe  ratio  is  l.llO,  which  is  luuch  too  lart’o. 

Hv-'.wever,  a broad  absorption  was  also  observed  for  H.^0  in  collagen 
at  3190  ± 100  cm.  ^ The  HOO  absorption  at.  Oll'O  niay  corres- 

pond to  the  urv’esoiv^d  sum  ot'  the  bands  at  .V*90  om"^  and  3100  cm,~^ 
as  follows. 

The  ratio  ^1.00/1.37  = ?9^t7.  and  the  ratio  3100/1.37  = ?r'63. 

Thus  the  value  of  0339  for  Hmo  1n  colla>ien  lies  betwoo,'  these  two  i 

calculated  values. 

any  ^ase  the  Infrared  spectrum  of  HOO  In  collaf^en  Is 
fti-eatly  (Afferent  from  that  of  HDO  in  liquid  water,  lu  complete 
agreement  with  our  previous  conclusion.  K\irtner,  the  0390  c'ti”^ 

00  bant  from  H.JO  In  collagen  is  not  far  from  tint  of  HOG  ice,^^*^ 
which  InaUiatcs  strong  bonding  bot.woon  111)0  and  collagen. 
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3 . Tt>t  orpt’otat  loti  of  Tiirfarod  . 

An  rmphan  1/01.1  pt’ovlounly,  the  stfiiot  m*o  of  bull<  liquid  watof, 
uid  ol‘  water  iti  oollaci‘»>,  are  i't'oatly  dlfrorent.  Spoo  1 f 1 r a 1 ly , 
we  find  enh.tucod  iuteunlty  at  3^’3^'’  t c'in~^  Tor  H,,0  In  collii'oii, 
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anil  at  roLn'l  t '’O  c/i  ^ Tor  HW  In  coll  it',on,  coi.ipared  to  the  IuiI'a 
liquid  phasen.  In  addltU'‘n  wo  find  I'.nidn  for  In  coll  i^'en  near 

3^00  i om  ^ and  * 100  cm  ^ anti  for  ilOO  in  ct-'lla^cn  no  »r 


?330  -t  100  oa  . 


.. 


It  Is  '.cn.'’*'n  froa  Hamati  .uu1  Infr.arod  ntudlon  of  water, 
.aqueoun  Sv  liit  ian.c. , ^ .and  froiii  ntudlen  I'f  OM  In  I'unod  nlllo.t^’^ 

that  the  C.-  an^  00  bandn  obnorvi'd  hero  refer  to  ntron.\ly  bent 
hydro.^en  bono.n.  .'^I'lllirly  tiu;  i'0i''.a  1 n 1 lu;  OM  an.l  O^  hinds  f ro  n 
eollaj.en  r/for  to  twarly  linear  hydrot'.on  bond*-.  l.lnoar  hyd.tw\-p'n 
bonds  in.llcate  strono  blnd.lHi'  to  oolliy;on,  in  Indlo.ilovi  partl- 
oulariy  b^  t iie  fact  that  t ho  Ml>0  valv.c  i - dost'  to  that  of 


HDO  lee. 


doyond  tliose  j^rt'sn  obnerv  it  Ivnui  the  quonl  Ion  arises 


an  to  hew  H.^0  .anvl  H'>0  bind  In  ci'llrt'n,  t'  lt  tn,  v.'hit  nnov-lfie 

olruoluren  oxoliln  the  prenent  i!i''rired  results. 

( b ^ 

Hlvih  and  Orli'k  donorlbe  a I'o.lel  of  otilla.  en  In  whloh 
one  water  molecule  forms  tiydrooon  bonds  botvi'cen  amtdo  r»0 
i’r'‘'>vipn.  Otic  amltic  /.ronp  In  In  on’  nolypontl.lo  ohitn,  anti  the 
other  amide  j^rouo  In  alwiyn  thit  of  v:l.\dne  In  .i  neooni  poly- 
oonMde  oli.iln.  The  !!,,0  Is  ♦ hus  .'tltuatto  su.'h  tnit  the  o.^rminent 

f 

eioetrlc  ti'.pole  momt'iit  \ooto’'  is  oorpi'iio  lot.  tar  t t ht'  ,'oi  l.ipt'n 
fiber  axis.  .‘^ueli  an  t'ri  out  at  hai  In  con''lsti'nt  wttn  tat*  tnrri’*ed 
flndiiu'n  of  Mu.*u'.<l  ino  Mi'ist"',^'  ^ is  I’o  1 nt  t'T’oi’t'i  I'd  b^\  un  tn  1 ho 
ru'xt  soot  Ion  t»f  tals  rept't’t  . 

The  prenent  fintitn  ’is  .ire  not  Inot'ns  1 •'t  ent  wMh  t n*'  perm.inont 


electric  dipole  momer>t  vector  being  perpendicn iar  to  tJ»e  fiber 
axis,  but  we  need  also  to  impoae  the  additional  conditions  that 
one  hydrogen  bond  Is  strongly  bent,  and  the  other  one  about 
linear.  V/e  might,  of  courae.  Invoke  a model  lit  whicii  moj*e  ttian 
one  H^O  molecule  exists  between  polypeutlde  chains.  Still  all 
of  the  dipole  moments  would  have  to  be  perpendicular  to  the  fiber 
axis  tc  be  ^cnaistent  with  the  Infrared  dichroic  data  of  Su.:ukl  and 
Fraser,  and  some  h.ydrogen  bonds  would  have  to  be  strongly  bent  and 
otners  linear  to  ce  consistent  with  our  dat'..  Further,  Hlch  and 
Crick  rrsake  no  mention  of  tills  further  possibility. 

Tf  onli  one  molecule  is  thus  considered  between  polypep- 
tide strnnvir,  our  model  would  be  that  shown  sciiematlca lly  In 
Flj.  6.  Til  Fig.  oac'.i  C-0  group  refers  to  a section  of  separate 
polypeotlde  ch-iins.  Also  one  hydrogen  bend  Is  linear,  and  the 
other  one  benr.  "he  dOH  angle,  however,  is  clese  to  109®  ^’2  In 
liv-^uio  vvater  or  ordinary  Ice. 
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D1.ncc.J3  Lon  of  the  Interpretation  of  Suzuki  and  Frisei-. 

Suzuki  ana  Franer^*^^  have  reported  Infrared  dlchrolc 
spectra  for  water  In  collagen.  Their  Infrared  data  differ 
greatly  from  ourn,  for  unknown  reasons.  (Probably  the  collagens 
are  chemically  different.)  Aslne  from  this  difficulty,  they 
assign  a band  at  cm~^  to  symmetric  HOH  stretching  and  a 

band  at  3^5*^  to  antisymmetric  stretching.  From  numerous 

Ramaj!  inJ  ir.fr  ired  stv.dies  of  water,  it  is  virtually  certain 
th.it  ^'r.e  .Sucu.-.l  atv’  Fraser  assignments  ai’C  wrong.  Antisymmetric 
stretchir.g  fre:-,  li_5uid  water  occurs  at  least  no.ar  35S'0  cm~^  or 

( - ' -I 

much  above,  ^ ani  o.ei’talnly  not  assignable  to  the  3^5^  cni 
frequency.  Hvuco,  t;ie  tr.in.sition  moments  from  both  of  .Ruzukl 
and  Fraser's  reported  binds  are  par.illel  to  the  H^O  symmetry 
axis,  oontrarx  to  their  assignments.  And  botli  batids  show 
chi'.' ism.  perpendioular  to  t'le  fiber  .axis.  Snzuki  and  Fraser 
simply  Ob’,  ained  redundant  data  '.•.'ithout  realizing  It.  Our  re- 
assign ent  i;iean.s  that  the  nerir.arent  elcct’'1c  dipole  moment  vector 
cf  R.5O  In  cr  Hagen  Is  perpendlcul'>r  t.o  tiie  fiber  axis.  This, 
of  course,  .says  : >thln^,  a'ucut  where  the  line  between  the  HpO 
protons  i.a  located  relative  tc.  the  fiber  .axis,  contrary  to  the 
laternretat  1 on  of  Suzuki  arm  Fr.asei*.  Our  only  furtiior  suggestion 
relates  to  linear  ano  bent  hydrogen  bonds  formed  with  amide  0=0 
groups  as  .shown  in  the  inustralion,  Fig.  6. 
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‘3 . Future  StiiflAeg  . 

In  futu’^e  work  with  unu  HDu  In  coll:ii*cn,  we  expect  to 

coniuct  polnrizud  infrared  studies  of  the  infrared  bands 

repoi’ted  here,  tint  is.  we  will  conduct  infrai-ed  studies  of 

t’iC  »nd  31'^^  bar»ds  from  H^O  and  of  the  ?6^0  ani 

<* 

?350  c:n  bariJs  from  TOO  In  collagen.  Vie  arc  also  considering 
the  possibility  of  >.btainlng  lasei'-Raman  spectra  of  thin 
section^  cf  c.-ll;t,en.  V'e  -^xpect  to  try  to  mount  a large  number 
of  seel  lens  s i pr-rnendicular  to  the  fiber  axis  on  a circular 
plate,  .•ollin^  'own  vl' h thin  plastic  film.  This  plate 

v.’ould  tier,  ,'e  -p’;:'.  in  the  laser  beaia,  and  the  Paman  scattering 
collect'''’  ■'•,'^a  a douole  moiochroitator . After  this  we  plan  to 
Initiate  p. larlzec  Infrared  studies  of  water  in  oriented  skeletal 
muscle  f’.Iberr. 
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Figure  1.  Dessleation  study  of  ?rater  In  collagen. 
Zero  tiae  refers  to  collagen  that  has  been  soaked 
In  water  and  then  dried. 
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WEIGHT  OF  COLLAGEN  PLUS  WATER.  GRAMS 


CAPTION 


Plgura  3.  Infrared  absorbance  apeotrura  of  liquid 
water,  \a).  Data  obtained  by  Prech  and  Crawford, 
(b).  The  (b)  data  are  more  aoourate  than  the  (a) 
datb.  but  both  Beta  of  data  compare  favornbly, 

Note  the  weakness  of  the  absorption  above  3500  cm. 
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Pigure  3 


CAPTION 


Figure  4.  Infrared  transmittance  spectrum  of  dry 
collugan  to  v/htcli  J)^0  has  been  added.  The  OD  region 
incicHted  on  the  figure  refers  to  IIDO,  The  OH  region 
contatr.a  contributions  from  both  H2O  and  HDO, 
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?l<jurc  5.  Infrared  ataorbanoe  apectrum  of  the 

OD-atretchlng  region  of  HDO  in  HgO,  The  OD- 

utretching  region  region  occiira  between  about 

-1 

2100  tn  2700  OB.  The  rertloal  llnea  under  the 

-1 

natn  reaic  near  about  2520  cm  refer  to  the  centnro 
of  Oa-aaolnn  coraponenta.  The  horizontal  llnea  refer 
to  the  haif-wldtha  of  the  Oausnlan  carnponenteu 
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Figure  6.  Sbhematlo  repreaentatlon  of  the  binding 
of  u nax.PT  aoleoule  between  two  polypeptide  otrands 
of  collagen.  The  dota  refer  to  hydrogen  bonds. 

The  arrow  refers  to  the  direction  of  the  pernanent 
electric  dipole  nonent  of  the  water  molecule. 

The  dashed  olrclea  refer  to  the  polypeptide  strands, 
locicir.g  down  the  strands.  Notice  the  linear  and 
tent  hydrogen  bonds. 
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Budfft,  Second  year. 

Prop, 

ONR  Amt . 

Budget  Category  funded  Man  Montha  $ 
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S.  Publication  Costa  1*000 

P*  Laser  Repair  3*000 

G.  Supplies  775 

H.  Indirect  Cost 

a.)  62.61  of  Salaries  12*120 


I,  TOT.tL  SBCORD  Y3AR  $35*695 


Note;  The  principal  Inrestlgator*  Dr.  Qeorge  B.  Walrafen* 
a 111  work  on  the  project  without  charge*  for  the  full  grant 
period  of  1C  aonths. 

"The  salaries  In  this  proposal  are  stipulated  salaries  as 


defined  In  federal  Management  Circular  (FUC)73-6*  Section 

7c.* 


